Abstract: Liquid crystal droplets are widely used in optics and photonics applications. They can act as simple resonators or be arranged in interconnected periodic congurations when their external dimension are similar. In this work we optically analyze and describe the micro uidic generation of liquid crystal droplets in a thermally stabilized environment, namely water, which enables a narrow droplets diameter distribution. We demonstrate a ne control of the droplet dimensions in both nematic and isotropic phases by controlling the ratio between liquid crystal and water ows. Droplets generated in the isotropic phase show a complex internal structure which re ects their high degree of internal disorder. Moreover, the internal con guration of the droplets also depends on the purity degree of the water in which they grow. In order to investigate their size distribution and their internal structure, a small amount of photo-polymerizable agent (NOA61 optical glue) was added to the liquid crystal to stabilize the droplets structure and to avoid their coalescence. Acting this way, polymer stabilized liquid crystal droplets were created after light induced polymerization, which are stable even after water evaporation. The polarized microscope analysis shows that the bipolar or radial order of the liquid crystal is still preserved inside the droplets depending on the water purity. Moreover an improved size uniformity is reported.
Introduction
A generous literature, covering many research elds and technological aspects from cosmetics to biological sensors, micro-lasing and more in general photonics, exists on emulsions made with liquid crystals (LCs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In dispersions of small particles, including LC ones, the physical properties of the surface has a large e ect on their optical properties since the e ect of the surface extends deep into the bulk phase. In the case of termotropic nematic LCs (NLCs) [12] the shape of the surface or its chemical composition strongly a ect the director orientation inside the droplets and as a consequence two main director arrangements known as radial or bipolar are possible [13, 14] . Although micro and nano emulsions are easy to prepare, the droplets diameters distribution is far from being extremely narrow. Moreover coalescence phenomena between droplets of di erent diameter are frequent and the only known possibility to reduce them is the addition of a surfactant to the starting mixture [15] . LC emulsions are in general produced by mechanical shear, a process which allows a certain degree of control on droplets dimensions. However, as reported in the following, other droplets generation methods, mainly based on micro uidics devices, are more useful to generate uniform droplets size distributions. It is worth nothing that when the droplets have similar dimensions they have a strong tendency to aggregate in a periodic regular con guration. This peculiarity makes them very interesting in several application elds including photonics. Periodic 2D and 3D arrangements [16] of droplets can be indeed seen as resonant photonic crystal structures whose physical properties are, at time of writing, almost unexplored. Concerning LCs, methods for the generation of narrow droplets size distribution have been reported in literature [17, 18] . All of them use a micro uidic chip in which a steady-state droplet break-o occurs in a co-owing stream to create highly monodispersed emulsions of LCs droplets. The LC is usually extruded through a thin capillary immersed in a co-owing external liquid. A droplet is formed at the end of the capillary as the ma-terial is extruded and its size is controlled by the competition between viscous drag, which tends to pull o the drop from the capillary, and surface tension, which opposes this pull. When droplets reach a critical size, the viscous drag exceeds the surface tension and break-o occurs [18] . LC droplets are stable in their environment and due to their similar dimensions tend to arrange in ordered 2D and even 3D distributions showing a relative small tendency to collapse and or merge. Unfortunately outside the uid in which they have been generated LC droplets tend to collapse due to changes in the interfacial forces. The previous studies report LC droplets generation in di erent liquids and some attempt to stabilize their physical properties by using for example surfactants.
In this work we report a study on NLC droplets generated in distilled (DW) and ultra pure water (UPW) showing that a ne control on droplets dimensions and internal molecular arrangement is possible both in the nematic and isotropic mesophases by acting on the temperature, pressure and purity degree of the water. The internal structures of the droplets are investigated by an optical microscope under polarized light. Droplets generated in the isotropic phase show a complex internal structure, probably due to a memory e ect of the high degree of internal disorder connected to the internal ows occurring during the droplets formation. However, a thermal annealing above the clearing temperature of the droplet recovers the internal con guration of the molecular director imposed by the boundary conditions. Particular attention has been addressed to overcome problems connected with the LC droplets coalescence: the investigated approach proposes to stabilize the droplets structure by dissolving a small amount of a commercial optical glue in the NLC. It is worth nothing that the director con guration of LC inside the droplets are not a ected by the presence of the polymerized glue, additionally the uniformity in the size distribution of the droplets is clearly improved. Moreover the gel droplets are stable in air and exhibits enhanced mechanical properties.
Experimental
NLC micro-droplets are created using a Dolomite two reagent droplet chip (part. Number 3200241) commercial device in which the two joining central microchannels are both lled with the E7 NLC (from Merck) and the two external ones with distilled water as reported in Fig. 1 . The channel cross-section at junction is almost square (100 µm h x 105 µm w) whereas outside the junction the channel is 100 µm depth and 300 µm wide. When the inner walls are clean, the chip is hydrophilic. This is an excellent feature to create LC droplets in water. The chip inlets are connected to two computer controlled external pressure pumps (Dolomite Mytos P-Pump) which allow a ne control of the owing parameters. By varying the water pressure NLC droplets with di erent sizes can be generated. A 20x microscope objective mounted on a high speed DSLR camera able to capture single frames at 1/4000 s is used to visualize the micrometric droplets immediately after their extrusion. Measurements are done in the nematic (N) and isotropic (I) phase. The generation of the droplets in the isotropic phase is obtained by placing the at micro uidic chip on a standard heater. The melting point of the E7 liquid crystal is around 60°C, a safe value for the surrounding water environment. A typical experimental result is reported in Fig. 2 for three di erent values of the water pressure. The left column of the image shows droplets created in the N phase whereas the right columns shows droplets created in the I phase.
More in detail, Fig. 3a and b show how changes in the water pressure a ect the droplets dimensions in both the N and I phase respectively while the ow rate of the NLC is maintained constant at 0.20 µl/min. As can be seen a good control of the droplets dimensions is easily achieved in the water environment and on the average similar droplets dimensions are achieved in both phases.
As the ow rate of the water increases the LC droplet size decreases. This is expected due to the increased shear on the LC laminar ux. There is a power law relationship, reported in refs [19] , between LC droplet size and ow rate ratios: The left column represents droplets generated in the nematic LC phase whereas the right column represents droplets generated in the isotropic LC phase.
where d is the LC droplet size, a the width of the droplets generator channel, Q LC and Q the LC and the water ow rates respectively and A and B constants to be determined by experimental data tting. In our experimental conditions, the available pressure values are in the range of 0.1÷4.0 bars corresponding to ow rates in the range 1.0÷337.0 µl/min. The relationship is linear. The two insets of Fig. 3a and b show the normalized droplet size as function of the ow rate ration Q LC /Q . At the lowest ow-rate ratios (highest water pressure values) the droplet sizes are nearly on the order of the ori ce size d/a~1 which shows the strength of the geometric control on the generated droplets. By increasing the ow-rate ratio by two or three magnitude orders the droplets size increases considerably.
The high pressure water ow, at the LC droplets interface, strongly a ects the cooperative motion of the liquid crystal molecules inside the droplets. If analyzed under an optical polarized microscope, droplets generated in the N and I phases show a considerably di erent internal conguration. In particular droplets generated in the N phase show, between crossed polarizers, a stable cross which is an evidence of the internal radial con guration of the LC director whereas droplets generated in the I phase preserve a memory of their internal orientational disorder. An example of this kind of droplets is reported in Fig. 4a . Fig. 4a reports an optical microscope image of droplets generated in the I phase. The internal structure appears very complex. However after heating above the nematicisotropic transition temperature of 60°C and subsequent cooling, the droplets return to the standard radial con guration already observed for the N phase. This situation is reported in Fig. 4b . Anyway by using ultra pure distilled water everything changes. Now the preferred NLC orientation inside the droplets is no more radial but bipolar [13] . Bipolar droplets with similar dimensions tend to aggregate in 2D and even 3D con gurations (droplets on planes of droplets) as shown in Fig. 5 .
These kind of droplets however show a quite random diameters distribution as reported in Fig. 5(b) . There are two peaks centered around 200 and 250 µm and a few droplets with a diameter slightly lower than 300 µm. The bipolar nature of these droplets can be revealed using a crossed polarized optical microscope. Two images are here reported to show the behavior of a few droplets when the microscope stage is rotated by 45 degrees. The white crossed arrows show the directions of the two polarizers while the solid and dashed white lines helps the eye to understand the position of the droplets before and after the rotation respectively.
As can be easily seen the black droplets become bright after the sample rotation whereas the bright ones become dark. Everything depends of course on the starting orientation of the droplet internal axis which clearly is di erent from droplet to droplet. Droplets arranged in ordered con gurations could be of practical use in many applications provided they are stable in time. Unfortunately this is not our case because after water evaporation NLC droplets tend to collapse and merge originating a continuum LC phase. A feasible approach to overcome this limitation consists of reinforcing the droplet structure with an external agent. In this work we used the commercial optical adhesive Norland NOA 61 mixed at 10% in weight with the E7 liquid crystal. The idea is to produce rst the NLC+NOA61 droplets and after that polymerize them obtaining gel-like nematic droplets. The produced droplets were collected on ultra clean microscope glass and polymerized under UV light for hours. The result is visible in Fig. 7 for three different values of water pressure. On the right side of Fig. 7 it is reported a typical statistical distribution of the droplet diameters corresponding to the intermediate situation (b) . As it can be seen the higher frequency value is centered around 200 nm with a polydispersity con ned in a few percent range. Similar results have been obtained for the remaining distributions corresponding to the (a) and (c) images, centered around 280 and 160 nm respectively. Acting this way, the nal droplets diameter can be controlled. The resulting droplets are on the micrometer scale and the diameters distribution appears sharper than before with a polydispersity of about 3%. If we compare this typical droplet diameters distribution with the one re- ported in Fig. 5(b) we realize how the presence of NOA61 improved the droplets dimension uniformity. Crossed polarized images and movies, here not reported, show how the bipolar droplets internal con guration is preserved even after the photo-polymerization process. The most important feature connected with these hybrid NLC-NOA61 droplets is that they preserve their shape even after water evaporation. They simply stand on the glass and can even be lightly smashed and/or rotated by applying a me- chanical force or a mechanical shear on them. This last feature is a consequence of the high percentage of LC inside the droplets which originates a gel-like soft structure. This kind of hypothesis is well supported by the literature and by our experiments. It is indeed well known from the literature [20] how the E7 LC tends to align homeotropically with respect to the NOA61 polymerized structures. The other reasonable LC alignment possibility, represented by a shell like con guration with the LC con ned by the polymer, would have brought to a radial alignment of the molecules inside the droplets which has not been observed experimentally.
Conclusions
In conclusion, we report an optical characterization of the NLC droplets and polymer stabilized NLC droplets generated by a micro uidic device. The use of the photopolymerizable agent in the NLC allows for the improvement of the droplets dimension uniformity and avoids coalescence. Droplets are generated in water environment and its purity degree enables to control the internal conguration of the nematic director from radial to bipolar. The internal structure of droplets obtained starting from isotropic phase suggests a memory e ect connected to the internal ows during the droplets formation inside the micrometer channel. These important features drastically open the eld of possible optical processing applications.
